Trimethylamine N-oxide (TMAO) is a diet and gut microbiota-derived metabolite that has been linked to cardiovascular disease risk in human studies and animal models. TMAO levels show wide inter and intra individual variability in humans that can likely be accounted for by multiple factors including diet, the gut microbiota, levels of the TMAO generating liver enzyme Flavin-containing monooxygenase 3 (FMO3) and kidney function. We recently found that dioxin-like (DL) environmental pollutants increased FMO3 expression to elevate circulating diet-derived TMAO in mice, suggesting that exposure to this class of pollutants might also contribute to inter-individual variability in circulating TMAO levels in humans. To begin to explore this possibility we examined the relationship between body burden of DL pollutants (reported by serum lipid concentrations) and serum TMAO levels (n = 340) in the Anniston, AL cohort, which was highly exposed to polychlorinated biphenyls (PCBs). TMAO concentrations in archived serum samples from the Anniston Community Health Survey (ACHS-II) were measured, and associations of TMAO with 28 indices of pollutant body burden, including total dioxins toxic equivalent (TEQ), were quantified. Twenty-three (22 after adjustment for multiple comparisons) of the 28 indices were significantly positively associated with TMAO. Although the design of ACHS-II does not enable quantitative assessment of the contributions of previously known determinants of TMAO variability to this relationship, limited multivariate modeling revealed that total dioxins TEQ was significantly associated with TMAO among females (except at high BMIs) but not among males. Our results from this cross-sectional study indicate that exposure to DL pollutants may contribute to elevated serum TMAO levels. Prospective longitudinal studies will be required to assess the joint relationship between DL pollutant exposures, other determinants of TMAO, and health outcomes.
Introduction
A diet-derived molecule, trimethylamine-N-oxide (TMAO), has been identified as a circulating prospective predictor of cardiovascular disease risk in humans (Tang et al., 2013) . Accordingly, while the mechanisms linking elevated TMAO to cardiovascular disease risk are not well understood (and may be complex), a better understanding of factors that determine the observed wide inter-and intra-individual variation in circulating TMAO levels is needed to establish the broader value of this biomarker. TMAO is formed from dietary methylaminecontaining precursors, primarily choline containing phospholipids and recently showed in preclinical models that exposure to environmental pollutants known as dioxin-like polychlorinated biphenyls (PCBs) elevate TMAO production from dietary precursors by increasing expression of hepatic FMO3 . Exposure to dioxin-like pollutants has previously been linked to increased risk of cardiovascular diseases and cardiorenal injury, but more work needs to be completed to elucidate if increased FMO3 and/or TMAO plays a critical role in these pathologies (Aragon et al., 2008; ATSDR, 2000; Kataria et al., 2015; Perkins et al., 2016) . We have now attempted to determine if our observed association between dioxin-like pollutants and increased circulating TMAO is evident in humans.
Although most individuals are continuously exposed to persistent organic pollutants such as dioxins, at relatively low background levels, cross sectional epidemiological studies of more highly exposed sample populations, for example individuals living in Anniston, Alabama (a major site of North American PCB manufacturing) provide an opportunity to identify associations between POP exposures and disease risk biomarkers that are broadly relevant to the entire US population. PCBs, especially higher chlorinated congeners (e.g., PCB 153, PCB 118, and PCB 126) are found in the plasma of most US residents. Although intentional production of PCBs was halted in the United States by the late 1970's, due to their chemical stability they have remained in aqueous and terrestrial ecosystems. PCB exposure remains a public health concern because these lipophilic toxicants can biomagnify through the food chain leading to dietary exposures when consuming primarily animalderived foods (Kvalem et al., 2009 ). The Anniston Community Health Survey follow up study (ACHS-II) is an accessible and relevant cohort for our study because high-quality, technically challenging, measurements of multiple dioxin-like chemicals are available along with some limited information about other known determinants of variability in TMAO levels. This study conducted eight years after the initial ACHS focused on a subset of the original population, was designed to quantify the missing dioxin-like pollutants including coplanar polychlorinated biphenyls (PCBs), polychlorinated dibenzodioxins (PCDDs), and polychlorinated dibenzofurans (PCDFs) (Birnbaum et al., 2016) . The purpose of the present study was to analyze data of archived serum samples from ACHS-II to test the hypothesis that individuals with higher pollutant body burden of dioxin-like compounds (normalized as dioxin toxic equivalents, TEQs) would have higher circulating levels of TMAO. A secondary goal of this study was to examine how the relationship between circulating TMAO and TEQ was modified by other known determinants of circulating TMAO levels.
Methods

Cohort description and pollutant measurements
Details of The Anniston Community Health Survey: Follow-Up and Dioxin Analyses (ACHS-II) have been previously reported (Birnbaum et al., 2016) . THE ACHS-II protocol was reviewed by the Institutional Review Boards at the Centers for Disease Control and Prevention (CDC) and University of Alabama at Birmingham (UAB). This study was not primarily designed to study the effect of dioxins on biomarkers of CVD (e.g., TMAO), but is useful to make initial associations due to the high quality of pollutant measurements. Briefly, 359 of the 766 participants who took part in the original ACHS-I (114 deceased, 69 moved away from study area; 483 contacted) were recruited to ACHS-II and provided an additional fasted blood sample and responded to an interviewer-administered questionnaire detailing current health and demographic information. To complete the interview, the participants of the ACHS-II study were required to bring in all medication bottles; current (last two weeks') medication name and dosage were abstracted by the interviewer-nurse which was the basis for all drug-related variables (e.g., antimicrobial medications). Serum concentrations of the following environmental pollutants were determined by the CDC's National Center for Environmental Health (NCEH): Seven 2,3,7,8-substituted polychlorinated dibenzo-dioxins, 10 dibenzo-furans, and three non-ortho PCBs (congeners 81, 126, 169) were measured using high resolution GC/MS (Turner et al., 1997) as well as 35 ortho-substituted PCBs (congeners 28, 44, 49, 52, 66, 74, 87, 99, 101,105, 110, 118, 128, 138-158, 146, 149, 151, 153, 156, 157, 167, 170, 172, 177, 178, 180,183, 187, 189, 194, 195, 196-203, 199, 206, and 209 ; same congeners measured in the original ACHS; Pavuk et al., 2014a) . Pesticides, polybrominated diphenyl ethers, and heavy metals were not part of the present analyses.
Toxic equivalency (TEQ) analyses
Toxic equivalency factors (TEFs/TEQs) are a weighted quantity measure based on the toxicity of each of the dioxin-like compounds relative to the most toxic member of the category. TEQs enable evaluation of cumulative exposure for risk assessment and health outcomes research. We therefore calculated TEQs for four groups of the dioxinlike pollutants -dioxins (PCDD), furans (PCDF), non-ortho PCBs, and mono-ortho PCBs ( Van den Berg et al., 2006) . Toxic equivalency factors (TEFs) were determined using the 2005 World Health Organization's guidelines. Summary measures of those congener groups (e.g., sum of seven dioxin congeners-PCDD TEQ and Total dioxins TEQ) were calculated from lipid adjusted pollutant concentrations. TEQs were also created for individual dioxin-like congeners (e.g., PCB 126). TEQ Total was used as the primary summary measurement for most of the statistical analyses reported here. The total toxic equivalency is the weighted sum of the product of the TEF multiplied by concentration for each relevant dioxin-like compound.
TMAO and choline extraction and quantitation
TMAO has been reported to be stable in human serum/plasma stored at −80°C for up to 5 years (Wang et al., 2014) . TMAO and choline were extracted from serum and analyzed by HPLC electrospray ionization tandem mass spectrometry as described previously with minor modifications . Briefly, 25 µl of serum was extracted with acetonitrile in 96 well Impact Protein Precipitation plates (Phenomenex). Deuterated TMAO (d9-TMAO) and choline (d9-choline) were used as internal standards, and each extraction plate contained blank samples, quality controls and a range of quantitative standards to enable absolute quantitation of TMAO and choline by stable isotope dilution methods. TMAO and choline were measured using a Shimadzu HPLC coupled with an AB Sciex 6500-QTRAP hybrid linear ion trap triple quadrupole mass spectrometer operated in multiple reaction monitoring (MRM) mode. Samples were separated on a Primesep 100, 3 µm, 2.1 × 100 mm column (SIELC Technologies, Wheeling IL) and MRM transitions used for quantitation were as follows: 76/59.1 for TMAO, 85.1/66.0 for d9-TMAO, 104.2/60.1 for choline, and 113.1/69.1 for d9-choline. Data was processed using ABSciex Multiquant software, and TMAO/choline concentrations (micromolar) were determined for each available serum sample. The University of Kentucky Superfund Research Center was provided with stored frozen serum samples from 340 of the ACHS-II participants for TMAO analysis from ATSDR in 2016.
Dietary intake questionnaire
Each of the ACHS-II participants responded to an interviewer-administered questionnaire detailing dietary patterns. This questionnaire was not developed to quantitatively study the intake of dietary methylamines, however, some of the questions were at least tangentially relevant to TMAO formation and were included in this study. Questions possibly related to intake of TMAO precursors (e.g., choline, L-carnitine, etc.) included, "Overall, when you think about the foods you ate over the past 12 months, would you say your diet was high, medium, or low in fat" and "Have you eaten fish or shellfish in the past week".
Other possibly relevant questions included "Have you ever eaten local eggs", "Have you ever eaten local dairy products like milk or cheese", and "Have you ever eaten local beef or beef products". Responses for these questions were coded as Yes/No/Don't Know. Two additional, more semi-quantitative questions were included in analyses. They were phrased, "Think about your eating habits over the past 12 months. About how often did you eat or drink each of the following foods? Remember breakfast, lunch, dinner, snacks, and eating out. For each food, select one choice either Never, < 1 time per month, 1-3 per month, 1-2 per week, 3-4 per week, 5-6 per week, 1 per day, ≥ 2 per day, or don't know". Specifically, the food variables 1) "Eggs, fried or scrambled in margarine, butter, or oil", and 2) "Cheese or cheese spread, regular-fat" were investigated and were tested for significant associations with TMAO as described below.
Data analyses and statistical modeling
The data presented were generated using the following statistical methods: For each of the 28 pollutant TEQ exposure indices, we calculated its Pearson correlation with TMAO and a corresponding pvalue. Regarding the p-values, a modified Benjamini-Hochberg adjustment for multiple comparisons was applied (Benjamini and Yekutieli, 2001) in view of there being 28 indices. For clarity, subsequent analyses focused primarily on the mixture index "total dioxins TEQ", whose correlation with TMAO was at a level typical of those exhibited in Table 2 and which best summarizes body burden of dioxin-like pollutants. To identify significant covariates, we examined correlations between TMAO and numerous auxiliary variables (Pearson correlations for numeric variables and point biserial correlations for binary variables; see Table 2 row headings for variables of interest) and determined corresponding p-values. We then used linear regression modeling to assess the association of total dioxins TEQ with TMAO when adjusted for the auxiliary variable and whether the auxiliary variable interacted with total dioxins TEQ; in other words, did the strength of association between total dioxins TEQ and TMAO differ according to the value of the auxiliary variable (See Table S1 )?
We next fit a multivariate linear regression model, using backward stepwise elimination, to quantify adjusted associations of total dioxins TEQ with TMAO in strata defined by covariates interacting with total dioxins TEQ. The initial version of this model, before the backward steps, contained all auxiliary variables significantly (p < 0.05) or close to significantly (0.05 ≤ p < 0.10) associated with TMAO and all significant (p < 0.05) or close to significant (0.05 ≤ p < 0.10) interactions previously identified; the initial version of the model and all backward steps were also required to satisfy the constraint that any covariate whose interaction term appeared in the model also had to appear in the model itself. The resulting regression model focused on total dioxins TEQ, sex, diabetes status, BMI, race, kidney disease status, and interactions of total dioxins TEQ with sex and BMI (see Tables 3A  and B) . We also fit similar regression models in which total dioxins TEQ was replaced by one of the other TEQs (See Table S2 ). Some variables were log transformed to reduce non-normality (one was added before taking the logarithm), as indicated in the tables. The SAS (SAS Institute Inc., Cary NC USA), R (R Foundation for Statistical Computing, Vienna Austria), and Microsoft Excel (Microsoft Corporation, Redmond WA) environments were used for data analysis and visualization.
Results
The median serum concentration of TMAO in this sample was 4.26 µM with a maximum of 86.32 µM (Q1 = 2.87 µM; Q3 = 6.95 µM). Subjects were older than the national median and there was an obvious gender imbalance (see Table 1 for demographics). Table 2 shows the bivariate analyses associating 28 exposure indices with TMAO. Of the 28 indices, including all mixtures examined, 22 were significantly and positively related to TMAO after adjustment for multiple comparisons.
The dioxin equivalencies most strongly related to TMAO were 1,2, 3, 6, 7, 1, 2, 3, 4, 7, 8, 1, 2, 3, 6, 7, , and the sum of 7 PCDDs, all with correlation coefficients above 0.25. Most single congener TEQs for the dioxin-like PCBs, although still significantly correlated, had slightly weaker bivariate associations with TMAO than other indices. Total dioxins TEQ, a widely used summary measure of dioxin toxicity was used primarily for other analyses herein.
Other groups have identified multiple covariates that may relate with or alter the inter-individual variability of TMAO formation. To identify relevant covariates in the ACHS-II population that may impact TMAO levels independently in further analyses, we next examined bivariate associations of TMAO with multiple auxiliary variables including sex, BMI, age, self-reported kidney disease, self-reported diabetes status, self-reported stroke, race, dietary intake information, antimicrobial medications, glucose, insulin, triglycerides, and VLDL cholesterol (see lower portion of Table 2 ). Many of the variables examined have been reported to be associated with TMAO in other studies (Randrianarisoa et al., 2016; Wang et al., 2011; Zheng et al., 2015) . We determined that self-reported diabetes status, age, race, glucose, selfreported stroke, triglycerides, self-reported kidney disease, and VLDL cholesterol were all significantly associated with TMAO. Of these additional covariates investigated, self-reported kidney disease and selfreported diabetes status exhibited two of the strongest associations with M.C. Petriello et al. Environmental Research 162 (2018) 211-218 TMAO. Next, since diet has been shown to be a major modulator of TMAO production, and also has been shown in previous studies of this cohort to be an important predictor of pollutant exposure, association analyses between TMAO and answers from a diet-recall questionnaire were completed (Pavuk et al., 2014b) . None of the diet-related covariates significantly associated with TMAO and were therefore excluded from further analyses (local dairy was closest, but with an unexpected negative correlation; p = 0.056). Importantly, the questionnaire was not designed to investigate quantitatively the impact of methylaminecontaining foods on TMAO levels. In an attempt to better elucidate diet's impact on TMAO formation in the ACHS-II population, we also quantitated, via LC-MS/MS, serum choline levels. Similarly, serum choline levels were not significantly associated with TMAO (p = 0.113). Self-reported diabetes status, age, Caucasian race, and self-reported kidney disease were all positively significantly associated with TMAO; self-reported diseases were coded 1 = yes, 2 = no. In Table S1 , we also document the covariate-adjusted associations of total dioxins TEQ with TMAO.
In our bivariate models we observed a significant positive association with TMAO and multiple dioxin-like pollutants (Table 2) . Next, we examined if the strength of the association between TMAO and total dioxins TEQ might be modified by the covariate factors previously shown to associate with or modulate circulating TMAO (Table S1 ). In fact, multiple significant interactions were identified between covariates of interest and total dioxins TEQ. Interestingly, the relationship between total dioxins TEQ and TMAO diminished as BMI increased. Some evidence of a sex/exposure interaction was also observed (p = 0.071), with a significant relationship between TMAO and total dioxins TEQ among females but not males. These interactions are illustrated in Fig. S1A-B .
Obtaining a multivariate linear regression model via backward elimination (see Tables 3A and B) , we found that self-reported diabetes, race, and self-reported kidney disease were significant predictors of TMAO and that there were significant interactions of total dioxins TEQ with sex and BMI. The multivariate regression model containing interactions explained 22.3% of the variation in TMAO. Adding in age post-hoc (which was not significantly associated in the model and removed by the backward elimination process; p = 0.201), either of the two semi-quantitative dietary recall variables, or serum choline The estimates above define a formula for the prediction of log-transformed TMAO. For example, in Table 3B concentrations did not eliminate the observed significant association of TMAO and TEQ total. We also adjusted for the ratio of TMAO:Choline, and again, the observed significant association of TMAO and TEQ total was not eliminated. Table 4 presents the associations of total dioxins TEQ with TMAO for males and females at selected values of BMI (20, 30, and 40). Dioxin exposure was significantly and positively associated with TMAO in less obese females (e.g., with BMI = 20 and BMI = 30); significance was nearly attained for females with BMI = 40, but significance was never attained for males. Ultimately, Table S2 shows results from 28 different multivariate linear regression models in which total dioxins TEQ is replaced by various indices of exposure. After adjustment for multiple comparisons, exposure was positively and significantly associated with TMAO in females at BMI = 20 and BMI = 30 for 23 out of 28 indices examined; however, there were no exposure indices significantly associated with TMAO in females at BMI = 40 or in males at any one of the indicated BMIs. The TEQ indices whose models yielded the strongest overall R 2 values were the sum of mono-ortho PCBs (0.251), PCB 156 (0.248), PCB 167 (0.248), and PCB 157 (0.245).
Discussion
In our previous preclinical study we showed that exposure to dioxinlike PCBs increased circulating TMAO, and here we found that most indices of dioxin exposure significantly associated with increased circulating levels of TMAO. Although we believe FMO3 activity/expression may play an important role in these observed associations, multiple other sources of inter-individual variability in circulating TMAO have been previously described (e.g., diet, alterations of gut microbiota, and kidney function). Using this cross-sectional study, it is however difficult to ascertain any mechanistic insight in to why this association may exist especially since no information related to FMO3 genetic polymorphisms, microbiota, or accurate measures of kidney function were collected. Diet is thought to be a primary influencer on the production of TMAO and the ACHS-II participants were allowed to maintain their regular dietary patterns prior to the fasting blood draw. Although we attempted to examine the impact of diet on inter-individual differences of TMAO, no associations were observed which is most likely due to the format of the questionnaire. Diet is also a source of exposure to PCBs in most individuals including the ACHS-II subjects.
The lack of any positive association between TMAO and self-reported dietary intake of animal derived foods that are likely sources of pollutants may suggest that the observed relationships between TMAO and dioxin like pollutants cannot be explained by a shared dietary source. We also failed to identify a significant association between serum choline and TMAO in the ACHS-II population. Although unexpected, we are not the first to find no correlation between choline and TMAO. In a preclinical feeding study using a phospholipid-protein complex it was determined that "There was a close correlation between plasma TMAO and carnitine, trimethyllysine, and γ-butyrobetaine, but not between TMAO and choline (Bjørndal et al., 2015) ." Future studies specifically investigating phosphatidylcholines instead may lead to a significant association with TMAO. However, the observed positive associations between total dioxins TEQ and TMAO, after adjustments for numerous covariates (Table S1 ), are intriguing and deserve replication in a more controlled prospective study with stronger diet and adverse outcomes data available.
When allowing sex to be an effect modifier, we found that the association between TMAO and pollutant exposure was restricted to female subjects (Table 4 , Supplemental Table 2 , and Supplemental Fig. 1A) . Although approximately 70% of the ACHS-II cohort is female, there is some evidence from previous reports to support the idea that this sex-specific association is genuine. In a previous ACHS-related study investigating PCB exposure, there was an observed positive association with diabetes in women (increased odds ratio), but a negative association was seen in men (Silverstone et al., 2012) . A group investigating dioxin-like pollutants (PCDDs and PCDFs) determined that a statistically significant association with increased rates of hypertension was evident for women but not men (Ha et al., 2009) . Also, it has been reported that diabetic males may be more likely to have less circulating TMAO compared to diabetic females . Here, we show the strongest associations between TMAO and pollutant exposure are observed in women and especially in less obese individuals (See Figs. S1:A-B). There is a growing body of evidence showing that increased adiposity may actually protect against pollutant toxicity. This may be because lipophilic pollutants can sequester within adipose tissue limiting their burden on other target organs (e.g., vascular tissue, kidneys, and liver). In leaner individuals, a greater percentage of the overall body burden may be accessible to the liver to increase FMO3 expression activity, modulate gut microbiota and/or alter kidney function. There is some precedent for these observations as some epidemiological studies have observed an inverse relationship with BMI and relative risk of pollutant-associated diseases. Using the NHANES dataset from 1994 to 2004, researchers showed that, in elderly individuals with low fat mass, PCBs were positively associated with CVD mortality, but this association was lost as BMI increased (Kim et al., 2015a (Kim et al., , 2015b . Also, preclinical studies have been able to recapitulate these observed BMI effects supporting the hypothesis that increased adipose expansion may protect against certain lipophilic pollutant-induced diseases (Baker et al., 2013; La Merrill et al., 2013; Tuomisto et al., 1999 ). In our current study, we did not observe a significant association between TMAO and BMI (p = 0.42) which is in agreement with other reports (Rohrmann et al., 2016) .
Circulating TMAO levels are a predictor for myocardial infarction, which is a result of coronary artery disease. A seminal paper described a clinical-outcomes study in which TMAO was analyzed at baseline for 4007 volunteers; after a 3-year follow-up, TMAO levels predicted major cardiovascular events even after adjustment for covariate determinants of cardiovascular disease risk (Tang et al., 2013) . Identifying novel biomarkers of cardiovascular disease, such as TMAO, is critical to better predict detrimental health outcomes, especially in an evolving world of personalized medicine. This positive link between TMAO and CVD has been replicated in other studies with clinical end points ranging from heart failure to atherosclerosis (Randrianarisoa et al., 2016; Senthong et al., 2016; Shafi et al., 2016; Suzuki et al., 2016) . TMAO is now emerging as a potential biomarker of other diseases related to CVD, The multivariate regression model -which also adjusted for diabetes, race, and kidney disease explained 22.3% of the variation in the outcome. The estimates above are amounts by which the predicted value of log-transformed TMAO changes if log-transformed dioxin total TEQ increases by one unit, with everything else in the model held constant. Because there are interactions of dioxin with BMI and gender, for any combination of BMI and gender, there is a possibly different association of dioxin with TMAO. For example, the association of dioxin with TMAO is significant (p < 0.001) among females with Normal BMI (i.e., BMI = 20) but not among males with BMI = 20 (p = 0.353) and not quite among morbidly obese females (i.e., BMI = 40; p = 0.051). The "obese" strata represents an individual with BMI = 30. Please see Table 1 for BMI strata sample sizes. Moreover, the numbers in the second column, including 0.379 and 0. including type 2 diabetes and kidney disease (Dambrova et al., 2016; Kim et al., 2016; Missailidis et al., 2016; Stubbs et al., 2016) . In the most recent meta-analysis, female gender was examined as an effect modifier for the primary outcome of all-cause mortality and was determined to be insignificant (Schiattarella et al., 2017) . However, most prospective studies have predominately been made up of male subjects. In animal studies, female mice fed a high choline diet produce~10 times more TMAO than male mice and this may be due to the sexual dimorphic nature of FMO3 expression in rodents . However, definitive conclusions about the joint relationships between dioxin like pollutants, TMAO, and risk of myocardial infarction cannot be made from this cross-sectional study. Currently, it is unknown if TMAO is a causative agent of human disease, or more broadly a biomarker of FMO3 activity. Dietary supplementation with TMAO accelerates atherosclerosis in mouse models, and blood and vascular cells treated with TMAO display pro-inflammatory signaling responses (Chen et al., 2016; Seldin et al., 2016) . However, some evidence supports an alternative hypothesis where FMO3 itself, independently of TMAO, may play a role in cardiometabolic disease, possibly through regulation of hepatic gene expression. For example, in mice FMO3 regulates cholesterol balance and glucose/ insulin signaling in mice (Miao et al., 2015; Schugar and Brown, 2015; Shih et al., 2015; Warrier et al., 2015) . In a mouse model of insulin resistance, loss of FMO3 protects against hyperglycemia, hyperlipidemia, and atherosclerosis (Miao et al., 2015) . It is attractive to speculate that the association between elevated TMAO and diabetes observed here is a clinical manifestation of the observations seen in mouse models. More work is required to determine the mechanisms linking TMAO and human disease, but the formation, metabolic fate, and kinetics of TMAO are well established.
TMAO formation has been shown to be dependent on dietary intake of foods containing necessary precursors such as choline-containing phospholipids and carnitine. For example, major dietary sources of choline and L-carnitine include eggs, milk, liver, red meat, poultry, and shell fish , all of which are highly consumed in the United States. In humans, direct conversion of dietary choline and Lcarnitine into TMAO has been demonstrated, and vegans have less circulating TMAO than omnivores Miller et al., 2014) . Also, TMAO has been associated with dairy consumption (a rich source of choline-containing phospholipids) in at least one European population (Rohrmann et al., 2016) . The ACHS-II participants underwent an interview, which included many questions related to dietary patterns (see methods section). In our sample, self-reported dairy intake was nearly significantly associated with TMAO, but this association was in the opposite direction of that expected. The other diet-related variables were not significantly associated with TMAO. This interesting result may be due in part to how some of the diet-related questions were formulated; for example specifically asking about local dairy products (potentially contaminated with PCBs), or due to an unknown confounding variable. The primary goal of the questionnaire was to identify possible dietary exposures of pollutants and consisted primarily of questions related to local consumption of foods. Even the more "quantitative" dietary recall questions were worded so specifically that it is not surprising that significant associations with TMAO were not observed. For example, instead of asking generally about frequency of egg consumption, the related question was phrased, "About how often did you eat eggs, fried or scrambled in margarine, butter, or oil?" Welldesigned dietary assessments utilize common food photographs that illustrate portion sizes and food frequency questionnaires (FFQs) with responses such as never, per year, per month, per week, or per day (Cho et al., 2006) . The most useful dietary assessments can then be compared against currently available food composition databases to estimate total energy consumption and individual nutrient content (e.g., methionine, betaine, etc.) (Zeisel et al., 2003) . With the currently available dietary information, it cannot be ignored that circulating dioxin concentrations may be a significant biomarker of consuming foods rich in methylamine precursors. Future studies looking at biomarkers of diet such as odd or branched chain fatty acids found primarily in dairy foods may provide a clearer, more quantitative measure of the dietary patterns of the ACHS-II participants. Measuring other nutritional biomarkers related to TMAO formation including those of red meat may also be useful in future studies. Finally, it would be useful to quantitate concentrations of other well established FMO3 products and substrates to create a value of FMO3 activity. If information of this sort can be quantified and subsequently added in to future statistical models, the associations between TMAO and pollutant exposure may become more persuasive.
In the ACHS-II cohort, exposure to environmental pollutants could positively associate with TMAO concentrations through multiple mechanisms. We began investigating the association between TMAO and dioxins in the ACHS-II cohort because recently we reported that dioxinlike pollutants (PCB 126 and PCB 77) upregulate FMO3, a critical enzyme responsible for production of TMAO. This upregulation can lead to increased TMAO production when mice are challenged with necessary dietary precursors . The primary enzymes involved in PCB detoxification are cytochrome P450s (CYPs). Although there is some speculation supporting the hypothesis that FMOs have the ability to detoxify PCBs and PCB metabolites, this would be expected to be a minor pathway compared to CYP1A1 and other CYP-mediated detoxification (Grimm et al., 2015) . We previously showed that FMO3 could be induced in rodents by PCB 126 and others have shown that TCDD, 3-methylcholanthrene and benzo [a] pyrene could also induce FMO3 expression in animals and cell lines most likely via an AhR-mediated mechanism (Celius et al., 2008 (Celius et al., , 2010 . In humans, is not well established if FMO3 is overly inducible with most current work focusing on induction through FXR-mediated mechanisms primarily by bile acids (Bennett et al., 2013) . Interestingly, recent preclinical work shows dioxin-like pollutants may modulate bile acid production and/or transport which may be another mechanism linking pollutant exposures to increased FMO3/TMAO (Fader et al., 2017) . More work is needed to elucidate if exposure to dioxin-like pollutants can upregulate FMO3 in humans. Importantly, pollutants may alter TMAO formation via additional mechanisms, including modulation of gut microbiota. TMAO production requires the metabolism of dietary precursors to TMA by gut microbes, and altering the diversity of flora may also modulate TMAO production. For example, one group determined that only a subset of the gut microbiota species produced TMA from choline in vitro (Romano et al., 2015) . One could hypothesize that alterations of the gut flora diversity to favor these and similar strains of bacteria may lead to increased TMAO formation and risk of cardiovascular disease. Importantly for our current human study, multiple groups have now shown that exposures to environmental pollutants, and specifically dioxin-like pollutants, can alter gut microbiota diversity leading to inflammation (Potera, 2015; Zhang et al., 2015) . Highly exposed cohorts, such as the one from Anniston, may enable investigations of the effects of pollutant exposure on gut flora diversity in future follow-up studies.
There are some notable limitations with this study that may be addressed in future follow-up analyses. In particular, because the study is cross sectional and involves single measurements of pollutants and TMAO, we cannot exclude reverse causality-i.e the possibility that higher TMAO levels alter systemic accumulation of pollutants. Thus, identifying associations between TMAO and dioxin-like pollutants, including other polycyclic aromatic hydrocarbons, in future prospective or longitudinal studies may be useful. Also, it is unclear how generalizable the findings are, due to potential bias due to the selection of a subcohort (many of the original ACHS participants are deceased). Much of the covariate data (e.g., health outcomes and diet) were based solely on questionnaires and interview responses, not medical records, which may introduce recall or social desirability biases (e.g., under-reporting of undesirable behaviors or pathologies). Because of the community based nature of the study, effort was not made to validate the health outcome responses through quantitative measurements of atherosclerosis such as carotid ultrasound and intima media thickness. Participants were instructed to bring their medications with them to the study office to be recorded, which may be an alternative means of validating disease occurrences in future studies. Unfortunately, TMAO has not been quantified in other large datasets (e.g., NHANES) where pollutant measurements are available. A more definitive analysis of the joint relationship among pollutant exposures, TMAO, and coronary artery disease risk will require a prospective longitudinal study with appropriate data collection and endpoints.
Conclusion
Our findings support the concept that exposure to dioxin-like pollutants may contribute to inter-individual differences in plasma TMAO levels, but more work is needed to causatively link pollutant exposures, TMAO, and CVD in humans. The authors declare that there are no competing financial interests.
